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Abstract 
Reverse osmosis is used widely in the maple syrup industry to concentrate 
maple sap and increase the overall efficiency and profitability of syrup pro-
duction. Sets of samples from maple producers utilizing a range of sap con-
centration levels were collected and analyzed to provide a portrait of the phy-
sicochemical properties and chemical composition of maple sap, concentrate, 
and permeate across a single production season. The results reinforce that re-
verse osmosis functions essentially as a concentration process, without signifi-
cantly altering the fundamental proportions of sap constituents. 
 

Keywords 
Maple Syrup, Reverse Osmosis, Membrane Separation, Maple Sap 

 

1. Introduction 

Reverse osmosis (RO) is a widely-used technology in the maple syrup industry1. 
In general, it is used to increase production efficiency by removing water from 
maple sap, which has a sugar content of approximately 2%, and reducing the 
amount of time and fuel required to complete concentration to syrup density 
(66% - 68%) through thermal atmospheric evaporation in maple syrup evapora-
tors [1]. Since its introduction into the industry in the 1970’s, there were some 
concerns expressed that reducing the amount of time sap was processed with 
heat in evaporators could negatively impact the flavor or other unique properties 
of maple syrup, as the majority of the reactions responsible for flavor, aroma, 
and color development in maple syrup occur as a result of thermal processes, 
primarily carbohydrate decomposition and Maillard reactions [1]. As such, there 

 

 

1The term “reverse osmosis” is used in the maple industry to refer to any type of membrane separa-
tion, although nanofiltration is the primary type currently used. 
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have been several studies conducted and published on the effects of this tech-
nology on syrup composition and flavor which have found no substantive im-
pacts [2]-[8]. Despite this, still somewhat limited in the published literature are 
basic data on the composition and physicochemical properties of concentrated 
sap, as well as the sap from which it was derived and the permeate water gener-
ated during the process [1] [9] [10]. Thus, the objective of this work was to pro-
vide a portrait of the composition and physicochemical properties of concen-
trated sap, as well as the sap from which it was derived and the permeate gener-
ated during concentration. 

2. Materials and Methods 
2.1. Sample Collection 

Twenty maple producers in Vermont were recruited to participate in the study 
during the 2009 production season, 5 each that typically concentrated their sap 
in the following 4 ranges: 8% - 11%, 12% - 15%, 16% - 20%, and 21% - 25% sug-
ar, respectively. The objective was not to provide a representative sample of 
membrane types, configurations, or RO equipment, but simply a snapshot of the 
common ranges of concentration that producers were typically using at the time. 
Prior to the production season, the producers were provided with instructions 
and a set of glass sample collection bottles. They were instructed to collect sam-
ples of raw sap (“sap”), and the concentrated sap (“concentrate”) and water 
(“permeate”) produced from that sap at 3 times during the production season, at 
timepoints representative of the early, middle, and late portions of their produc-
tion seasons. The duration and timing of the maple production season varies 
annually and between individual operations due to differences in climate and 
operational factors. As such, producers were instructed to collect these samples 
at times representative of the first, middle, and last thirds of the production sea-
sons of their individual operations. Producers were instructed to collect the set 
of sap, concentrate, and permeate samples simultaneously, and to place them in 
a freezer immediately. At the end of the production season, all samples were col-
lected from each producer and placed in a freezer at the University of Vermont 
Proctor Maple Research Center (PMRC) in Underhill, Vermont. Analyses to de-
termine the physiochemical properties and chemical composition of the samples 
were conducted during the summer of 2009. 

Several samples were lost prior to analyses due a variety of factors such as 
producer freezer malfunction or spoilage prior to transport to PMRC. Thus, 
there are several producers for which there is not a complete set of data from 
early, middle, and late timepoints, and all samples from some producers were 
lost. Ultimately, 34 sets of sap, concentrate and permeate samples from 14 pro-
ducers were analyzed and included in the analyses. 

2.2. Sample Analyses 
2.2.1. Physicochemical Properties 
Electrical conductivity (μS/cm, ±0.005%) and pH (±0.01) of samples were de-
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termined with an Accumet XL60 meter using an Accumet epoxy body electrical 
conductivity cell and an Accufet XL solid-state pH probe, respectively, both 
equipped with automatic temperature compensation (Fisher Scientific, Fair 
Lawn, NY, USA). Sugar content (±0.1 ˚Brix) of samples was measured with a 
PA203X handheld digital refractometer (Misco, Cleveland, OH, USA). 

2.2.2. Inorganic Minerals 
The mineral composition was determined for each sap and concentrate sample, 
and a subset of permeate samples from 3 producers. The concentrations of bo-
ron, calcium, copper, iron, magnesium, manganese, phosphorous, potassium, 
sodium, sulfur and zinc (ppm, ±~5% - 15%) were determined by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) with a PlasmaSpec 2.5 
(Leeman Labs, Hudson, NH, USA). Concentrate samples were digested prior to 
analysis; 0.5 g of each sample was digested with 10 mL concentrated nitric acid 
for 15 min at 190˚C and 2.1 MPa pressure. The detection limits (ppm) for each 
element in sap and permeate samples were: K = 1.0; Ca, Mg, B, S = 0.05; P, Na = 
0.1; Cu, Zn, = 0.02; Fe, Mn = 0.01. Detection limits (ppm) for concentrate sam-
ples were: Ca, P, K, Mg, Na, S = 1.0; Fe, Mn, B, Cu, Zn = 0.05. Minerals for 
which the concentrations in greater than 20% of a sample type were below the 
detection limit were excluded from analyses. All B values for sap samples, Na 
values for concentrate samples, and P, Mg, Fe, B, Cu, Zn, and S values for per-
meate samples, were below the detection limit of the instrument. For other sam-
ples which were below the detection limit, values were set at the detection limit 
divided by the square root of 2 [11]. The number of samples for each mineral for 
each sample type calculated in this manner was: permeate = Ca (2), Na (2), Mn 
(2); sap = Na (3), Fe (2), S (1); concentrate = B (1), S (8). 

2.2.3. Carbohydrates 
The composition of sucrose, glucose, and fructose (total percentage) in each sap 
and concentrate sample was determined by high-performance liquid chromato-
graphy (HPLC) using a 1525 binary pump and 2410 refractive index detector 
(Waters, Milford, MA, USA). An Aminex HPX-87K column (300 × 7.8 mm, 
Bio-Rad, Hercules, CA, USA) was used at 75˚C with a mobile phase of 0.2 mm 
potassium phosphate at a rate of 0.6 mL min-1. The carbohydrate composition 
of the permeate samples from a subset of 3 producers was also determined. 

3. Results and Discussion 
3.1. Overall Means 

Table 1 presents the overall mean, minimum, and maximum composition and 
properties for all sap, concentrate, and permeate samples. Average concentration 
levels of the concentrate samples from the 14 producers ranged from 8.9 to 19.8 
˚Brix, with average pH values slightly below neutral, 6.96, and ranging from just 
below to slightly above neutral (Table 1). Further interpretation of overall mean 
composition values for the concentrate samples is not possible due to the wide  
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Table 1. Overall mean (±standard error of the mean), minimum, and maximum physicochemical properties and compositions of 
permeate, sap, and concentrate samples from the 2009 maple production season from operations that concentrated to varying 
levels with RO (n = 13). bdl = below the detection limit. 

 
Permeate  Sap 

 
Concentrate 

 
Mean Min. Max.  Mean Min. Max. 

 
Mean Min. Max. 

˚Brix 0.1 ± 0.01 0.0 0.1  2.0 ± 0.08 1.5 2.4 
 

14.3 ± 0.95 8.9 19.8 

pH 5.86 ± 0.07 5.41 6.36  6.61 ± 0.09 6.10 7.40 
 

6.96 ± 0.07 6.50 7.42 

Conductivity (μS/cm) 15.1 ± 1.8 4.8 25.0  497.2 ± 17.4 388.8 594.8 
 

1996.1 ± 126.3 1291.8 2609.5 

Sucrose (%) 
     

 1.72 ± 0.07 1.26 2.14 
 

13.1 ± 0.9 8.2 18.8 

Glucose (%) 
     

 0.032 ± 0.011 0.004 0.148 
 

0.21 ± 0.07 0.05 0.95 

Fructose (%) 
     

 0.029 ± 0.009 0.004 0.126 
 

0.17 ± 0.05 0.05 0.71 

Ca (ppm) 
     

 49.1 ± 3.3 24.4 67.6 
 

388.6 ± 39.3 170.2 564.7 

P (ppm) 
     

 1.2 ± 0.2 0.45 2.20 
 

10.0 ± 2.6 3.4 38.0 

K (ppm) 
     

 64.6 ± 2.5 54.0 80.2 
 

464.8 ± 46.1 216.2 735.1 

Mg (ppm) 
     

 5.17 ± 0.30 3.12 7.25 
 

38.3 ± 3.7 20.9 56.9 

Na (ppm) 
     

 1.30 ± 0.95 0.16 12.69 
 

 bdl 
  

Fe (ppm) 
     

 0.19 ± 0.17 0.01 2.17 
 

1.6 ± 1.2 0.2 16.0 

Mn (ppm) 
     

 3.84 ± 0.55 0.78 7.92 
 

31.1 ± 4.4 6.1 59.7 

B (ppm) 
     

 
 
bdl 

   
0.4 ± 0.1 0.0 0.7 

Cu (ppm) 
     

 0.16 ± 0.08 0.02 1.03 
 

0.5 ± 0.1 0.3 1.2 

Zn (ppm) 
     

 0.26 ± 0.04 0.15 0.63 
 

2.0 ± 0.2 1.0 3.4 

S (ppm) 
     

 1.03 ± 0.21 0.38 3.45 
 

5.3 ± 1.1 0.7 13.2 

 

range of concentration levels of the samples analyzed. However, the overall 
means for sap and permeate samples provide a portrait of the average composi-
tion of sap and permeate samples from a variety of producers across a single 
production season. 

The sugar concentration of sap ranged from 1.5 to 2.4 ˚Brix, with an average 
of 2.0 ˚Brix (Table 1). pH was near neutral to slightly acidic, ranging from 6.10 
to 7.40, with an average of 6.61 across all producers and time of season. Sucrose 
was the predominant carbohydrate, with trace amounts of glucose and fructose 
also present (Table 1). The minerals found in the highest concentrations were K 
and Ca, with mean concentrations of 64.6 and 49.1 ppm, respectively. The 
minimum, maximum, and standard error values for the concentrations of all 
minerals analyzed illustrate that there is relatively substantial variability in the 
mineral composition of sap (Table 1). All of these observations are consistent 
with the available published composition data for maple sap [1] [9] [10]. 

Permeate samples were more acidic than sap, with an average value of 5.86, 
and ranging from 5.41 to 6.36 (Table 1). This is consistent with the properties of 
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membranes used in separation processes. Because membranes are permeable to 
carbon dioxide gas but not to the bicarbonate ions which typically balance the 
effects of CO2 on pH, the pH of the concentrated material will typically be 
slightly higher, and that of the permeate water slightly lower, than the incoming 
material being concentrated. This expected pattern can likewise be observed in 
the concentrate samples, which had an average pH slightly higher than that of 
the sap samples (Table 1). The average conductivity of permeate samples was 
low, 15.1 μS/cm, well below the generally recommended maximum of 50 μS/cm 
[12], indicating that the membranes used by the RO machines included in this 
study were generally not allowing a large quantity of mineral ions to pass 
through into permeate. Likewise, the average ˚Brix of permeate samples was also 
low, 0.1%, indicating that the membranes of RO units in this study were also not 
allowing significant amounts of sucrose to pass through and be lost in permeate. 

3.2. Producer-Level Means 

Table 2 presents the overall means for the sample sets from each producer, 
which can provide information not discernible from the overall means. Only 1 
set of samples had conductivity values in permeate greater than the maximum 
recommended threshold (Producer A, Table 2). Mineral analysis of these sam-
ples confirmed that the conductivity was likely elevated by the presence of min-
eral ions, in particular Ca, K, Na, and Mn, indicating that the membranes of this 
RO unit were likely not functioning optimally, and were allowing elevated levels 
of mineral ions to pass through into the permeate. Because of this, the data from 
this producer’s samples were not included in any other analysis (e.g. Table 1, 
Table 3, and Table 4). 

The average pH of sample sets from all producers exhibited the expected pat-
tern—the pH of concentrate was slightly higher, and permeate slightly lower, 
than that of the starting sap material (Table 2). There was no trend for the pH of 
concentrate with increasing concentration level. However, as would be expected, 
the concentration of all constituents increased with increasing concentration 
(Table 2). Reflecting that, the conductivity of concentrate samples increased 
with increasing concentration levels. There were no trends in the pH or conduc-
tivity of permeate samples with increasing concentration level (Table 2). 

The carbohydrate and mineral compositions were analyzed for the permeate 
samples from 2 producers, C and L (Table 2). These data illustrate the presence 
of Ca, K, Na, and Mn, and highlight the fact that membranes will allow the pas-
sage of some mineral ions [12]. However, the retention rates for these minerals 
in these samples were still quite high, with averages of 99%, 96%, 61%, and 99%, 
respectively. 

3.3. Season Timepoint Means 

Table 3 shows the average composition of permeate, sap, and concentrate sam-
ples at early, middle, and late timepoints of the maple production season. The  
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Table 2. Mean (±standard error of the mean) physicochemical properties and compositions of sets of permeate (P), sap (S), and 
concentrate (C) samples collected at Early, Middle, and Late timepoints of the 2009 maple production season by each of 14 maple 
operations (A through N) which used a range of RO concentration levels. bdl = below the detection limit. 

Producer A 
 

B 
 

C 

Sample type P S C 
 

P S C 
 

P S C 

n 2 2 2 
 

3 3 3 
 

3 3 3 

˚Brix 0.1 ± 0.0 2.3 ± 0.2 7.4 ± 0.2 
 

0.0 ± 0.0 2.3 ± 0.1 8.9 ± 0.1 
 

0.1 ± 0.0 2.3 ± 0.1 9.7 ± 0.7 

pH 7.28 ± 0.04 7.01 ± 0.01 6.92 ± 0.12 
 

5.88 ± 0.07 6.47 ± 0.13 6.72 ± 0.16 
 

5.97 ± 0.06 6.41 ± 0.23 7.04 ± 0.12 

Cond. 
(μS/cm) 

103.3 ± 1.1 493.5 ± 43.4 1041.0 ± 49.0 
 

8.2 ± 2.6 546.8 ± 70.4 1475.7 ± 142.4 
 

15.2 ± 4.8 437.7 ± 45.4 1291.8 ± 212.1 

Sucrose (%) 0.007 ± 0.002 1.51 ± 0.10 6.9 ± 0.1 
    

2.14 ± 0.03 8.2 ± 0.2 
 

0.008 ± 0.0002 1.84 ± 0.25 8.7 ± 0.4 

Glucose (%) 
 
bdl 

 
0.008 ± 0.001 0.05 ± 0.00 

    
0.016 ± 0.007 0.08 ± 0.03 

  
bdl 

 
0.069 ± 0.060 0.19 ± 0.14 

Fructose (%) 
 
bdl 

 
0.007 ± 0.002 0.05 ± 0.00 

    
0.015 ± 0.007 0.08 ± 0.03 

  
bdl 

 
0.066 ± 0.057 0.18 ± 0.13 

Ca (ppm) 1.54 ± 0.18 50.9 ± 5.6 178.2 ± 17.0 
    

60.2 ± 12.5 242.4 ± 56.9 
 

0.05 ± 0.01 41.6 ± 6.7 170.2 ± 48.2 

P (ppm) 
 
bdl 

 
1.6 ± 0.9 4.7 ± 3.2 

    
0.9 ± 0.5 3.7 ± 2.0 

  
bdl 

 
0.9 ± 0.3 3.4 ± 0.9 

K (ppm) 18.1 ± 0.7 55.1 ± 4.1 124.3 ± 12.7 
    

70.7 ± 5.8 246.6 ± 23.1 
 

2.7 ± 1.0 54.0 ± 6.3 216.2 ± 30.8 

Mg (ppm) 
 
bdl 

 
6.27 ± 0.55 20.8 ± 1.1 

    
5.40 ± 1.06 21.4 ± 4.4 

  
bdl 

 
5.40 ± 0.81 21.5 ± 4.9 

Na (ppm) 0.34 ± 0.08 0.53 ± 0.06 
 
bdl 

     
0.50 ± 0.17 

 
bdl 

  
0.06 ± 0.01 0.16 ± 0.06 

 
bdl 

 

Fe (ppm) 
 
bdl 

 
0.01 ± 0.00 0.1 ± 0.0 

    
0.04 ± 0.02 0.5 ± 0.03 

  
bdl 

 
0.04 ± 0.02 0.4 ± 0.1 

Mn (ppm) 0.17 ± 0.03 6.14 ± 0.70 22.5 ± 1.8 
    

1.65 ± 0.39 7.1 ± 1.7 
 

0.01 ± 0.001 7.92 ± 1.65 30.0 ± 8.2 

B (ppm) 
 

bdl 
  

bdl 
 

0.1 ± 0.0 
     

bdl 
 

0.2 ± 0.03 
  

bdl 
  

bdl 
 

0.05 ± 0.03 

Cu (ppm) 
 

bdl 
 

0.16 ± 0.03 0.5 ± 0.1 
    

0.05 ± 0.01 0.3 ± 0.03 
  

bdl 
 

0.06 ± 0.003 0.5 ± 0.2 

Zn (ppm) 
 

bdl 
 

0.24 ± 0.01 1.2 ± 0.1 
    

0.21 ± 0.02 1.0 ± 0.03 
  

bdl 
 

0.31 ± 0.03 1.6 ± 0.3 

S (ppm) 
 

bdl 
 

0.77 ± 0.07 1.2 ± 0.1 
    

0.93 ± 0.16 1.2 ± 0.5 
  

bdl 
 

0.69 ± 0.12 1.6 ± 0.4 

Producer D 
 

E 
 

F 

Sample type P S C 
 

P S C 
 

P S C 

n 2 2 2 
 

2 2 2 
 

2 2 2 

˚Brix 0.1 ± 0.0 1.9 ± 0.5 10.8 ± 1.0 
 

0.1 ± 0.0 1.9 ± 0.4 11.0 ± 1.3 
 

0.1 ± 0.0 1.5 ± 0.2 12.7 ± 0.5 

pH 6.36 ± 0.13 7.33 ± 0.16 7.26 ± 0.20 
 

5.80 ± 0.10 6.79 ± 0.26 7.04 ± 0.21 
 

5.77 ± 0.06 6.54 ± 0.16 6.92 ± 0.17 

Cond. 
(μS/cm) 

17.4 ± 2.4 412.0 ± 118.0 1459.5 ± 215.5 
 

5.0 ± 0.9 416.7 ± 139.3 1579.5 ± 262.5 
 

12.0 ± 6.9 510.9 ± 24.2 2609.5 ± 299.5 

Sucrose (%) 
   

1.74 ± 0.43 9.4 ± 0.3 
    

1.72 ± 0.32 10.7 ± 1.4 
    

1.3 ± 0.2 11.5 ± 0.7 

Glucose (%) 
   

0.008 ± 0.000 0.055 ± 0.005 
    

0.004 ± 0.000 0.05 ± 0.01 
    

0.009 ± 0.001 0.08 ± 0.02 

Fructose (%) 
   

0.008 ± 0.000 0.045 ± 0.005 
    

0.004 ± 0.000 0.06 ± 0.02 
    

0.009 ± 0.002 0.09 ± 0.03 

Ca (ppm) 
   

35.5 ± 18.5 232.4 ± 92.9 
    

41.6 ± 23.0 250.3 ± 123.1 
    

52.5 ± 3.5 537.5 ± 108.4 

P (ppm) 
   

1.5 ± 0.4 8.3 ± 0.9 
    

0.7 ± 0.3 5.9 ± 3.2 
    

1.3 ± 0.3 10.5 ± 1.3 

K (ppm) 
   

55.9 ± 16.1 298.3 ± 46.5 
    

56.8 ± 17.1 295.5 ± 62.9 
    

65.9 ± 3.8 629.7 ± 64.6 

Mg (ppm) 
   

4.30 ± 2.13 26.2 ± 9.4 
    

3.83 ± 1.97 20.9 ± 9.4 
    

5.04 ± 0.09 49.0 ± 9.1 

Na (ppm) 
   

0.37 ± 0.02 
 
bdl 

     
0.43 ± 0.04 

 
bdl 

     
0.36 ± 0.06 

 
bdl 

 

Fe (ppm) 
   

0.01 ± 0.00 0.2 ± 0.1 
    

0.03 ± 0.01 0.7 ± 0.4 
    

0.02 ± 0.01 0.3 ± 0.0 
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Continued 

Mn (ppm) 
   

0.78 ± 0.43 6.1 ± 2.5 
    

1.74 ± 0.97 11.3 ± 5.2 
    

3.52 ± 0.36 36.6 ± 7.9 

B (ppm) 
    

bdl 
 

0.4 ± 0.1 
     

bdl 
 

0.1 ± 0.0 
     

bdl 
 

0.7 ± 0.2 

Cu (ppm) 
   

0.04 ± 0.01 0.3 ± 0.1 
    

0.04 ± 0.01 0.4 ± 0.1 
    

0.03 ± 0.01 0.3 ± 0.0 

Zn (ppm) 
   

0.21 ± 0.01 1.5 ± 0.2 
    

0.24 ± 0.03 1.5 ± 0.2 
    

0.18 ± 0.02 2.0 ± 0.3 

S (ppm) 
   

0.61 ± 0.28 1.9 ± 1.1 
    

0.70 ± 0.29 0.7 ± 0.0 
    

1.15 ± 0.40 13.2 ± 6.5 

Producer G 
 

H 
 

I 

Sample type P S C 
 

P S C 
 

P S C 

n 3 3 3 
 

3 3 3 
 

2 2 2 

˚Brix 0.1 ± 0.0 2.4 ± 0.1 14.6 ± 0.5 
 

0.1 ± 0.0 2.1 ± 0.1 15.2 ± 0.6 
 

0.1 ± 0.0 2.1 ± 0.5 15.9 ± 0.7 

pH 5.88 ± 0.13 6.93 ± 0.04 6.98 ± 0.14 
 

6.23 ± 0.12 7.40 ± 0.06 7.42 ± 0.08 
 

5.83 ± 0.01 6.79 ± 0.18 7.33 ± 0.15 

Cond. 
(μS/cm) 

4.8 ± 0.1 536.5 ± 63.5 1951.0 ± 166.7 
 

17.3 ± 7.6 533.7 ± 33.3 2236.7 ± 265.7 
 

16.4 ± 1.3 594.8 ± 18.8 2537.0 ± 348.0 

Sucrose (%) 
   

2.01 ± 0.16 13.4 ± 0.7 
    

1.83 ± 0.10 14.0 ± 0.3 
    

1.87 ± 0.43 14.7 ± 1.2 

Glucose (%) 
   

0.010 ± 0.002 0.10 ± 0.01 
    

0.014 ± 0.004 0.11 ± 0.03 
    

0.020 ± 0.010 0.15 ± 0.07 

Fructose (%) 
   

0.010 ± 0.002 0.09 ± 0.02 
    

0.010 ± 0.003 0.09 ± 0.03 
    

0.020 ± 0.010 0.12 ± 0.05 

Ca (ppm) 
   

54.5 ± 12.7 355.9 ± 58.8 
    

67.6 ± 7.61 564.7 ± 102.9 
    

60.1 ± 3.35 539.2 ± 138.0 

P (ppm) 
   

0.6 ± 0.2 3.8 ± 1.7 
    

0.8 ± 0.48 5.7 ± 2.6 
    

0.5 ± 0.25 4.2 ± 0.5 

K (ppm) 
   

72.9 ± 9.1 425.0 ± 36.5 
    

59.6 ± 2.28 477.6 ± 58.6 
    

80.2 ± 6.00 672.4 ± 91.5 

Mg (ppm) 
   

5.41 ± 1.10 34.8 ± 4.8 
    

7.25 ± 0.94 55.3 ± 10.8 
    

5.73 ± 0.50 52.0 ± 14.1 

Na (ppm) 
   

0.33 ± 0.10 
 
bdl 

     
0.26 ± 0.10 

 
bdl 

     
0.32 ± 0.03 

 
bdl 

 

Fe (ppm) 
   

0.02 ± 0.00 0.2 ± 0.03 
    

0.02 ± 0.00 0.3 ± 0.03 
    

0.04 ± 0.02 0.30 ± 0.1 

Mn (ppm) 
   

4.58 ± 0.93 31.2 ± 4.8 
    

5.54 ± 0.85 44.7 ± 9.2 
    

3.82 ± 0.38 33.9 ± 9.0 

B (ppm) 
    

bdl 
 

0.2 ± 0.0 
     

bdl 
 

0.7 ± 0.2 
     

bdl 
 

0.6 ± 0.1 

Cu (ppm) 
   

1.03 ± 0.98 0.3 ± 0.03 
    

0.05 ± 0.00 0.4 ± 0.03 
    

0.13 ± 0.06 0.6 ± 0.1 

Zn (ppm) 
   

0.63 ± 0.43 1.6 ± 0.03 
    

0.27 ± 0.003 2.6 ± 0.4 
    

0.20 ± 0.01 1.9 ± 0.3 

S (ppm) 
   

0.85 ± 0.23 5.0 ± 0.6 
    

1.02 ± 0.12 10.4 ± 2.3 
    

0.92 ± 0.10 10.5 ± 3.2 

Producer J 
 

K 
 

L 

Sample type P S C 
 

P S C 
 

P S C 

n 1 1 1 
 

3 3 3 
 

3 3 3 

˚Brix 0.1 2.0 16.1 
 

0.1 ± 0.0 2.1 ± 0.1 17.1 ± 1.0 
 

0.1 ± 0.0 1.9 ± 0.2 17.3 ± 0.9 

pH 5.80 7.21 7.06 
 

5.41 ± 0.21 6.10 ± 0.15 6.50 ± 0.16 
 

5.97 ± 0.16 6.41 ± 0.21 7.20 ± 0.05 

Cond. 
(μS/cm) 

25.0 510.9 1741.0 
 

16.5 ± 5.3 511.0 ± 55.4 1929.7 ± 114.8 
 

21.2 ± 2.1 524.7 ± 36.1 2392.7 ± 257.5 

Sucrose (%) 
 

1.83 15.5 
    

1.46 ± 0.22 13.7 ± 2.4 
 

0.029 ± 0.011 1.60 ± 0.21 15.8 ± 1.1 

Glucose (%) 
 

0.020 0.13 
    

0.148 ± 0.078 0.95 ± 0.65 
  

bdl 
 

0.025 ± 0.011 0.22 ± 0.08 

Fructose (%) 
 

0.020 0.11 
    

0.126 ± 0.063 0.71 ± 0.60 
  

bdl 
 

0.023 ± 0.010 0.19 ± 0.06 

Ca (ppm) 
 

41.9 312.8 
    

46.1 ± 14.0 436.0 ± 124.2 
 

1.03 ± 0.25 54.5 ± 9.0 544.6 ± 88.8 

P (ppm) 
 

2.2 18.4 
    

2.1 ± 1.5 5.5 ± 3.4 
  

bdl 
 

0.7 ± 0.2 8.3 ± 0.8 

K (ppm) 
 

77.9 443.9 
    

58.2 ± 3.3 472.1 ± 39.7 
 

2.6 ± 0.3 64.7 ± 3.5 563.6 ± 70.4 
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Mg (ppm) 
 

4.76 33.5 
    

4.76 ± 1.14 40.2 ± 8.7 
  

bdl 
 

6.27 ± 0.94 56.9 ± 8.08 

Na (ppm) 
 

0.46 bdl 
    

12.69 ± 12.20 
 
bdl 

  
0.14 ± 0.01 0.41 ± 0.12 

 
bdl 

 

Fe (ppm) 
 

0.04 0.3 
    

2.17 ± 0.66 16.0 ± 6.2 
  

bdl 
 

0.02 ± 0.01 0.6 ± 0.1 

Mn (ppm) 
 

2.94 24.5 
    

4.39 ± 1.39 40.4 ± 11.8 
 

0.07 ± 0.003 5.64 ± 0.89 59.7 ± 10.6 

B (ppm) 
 

bdl 0.4 
     

bdl 
 

0.6 ± 0.1 
  

bdl 
  

bdl 
 

0.2 ± 0.1 

Cu (ppm) 
 

0.24 0.4 
    

0.38 ± 0.32 0.6 ± 0.1 
  

bdl 
 

0.04 ± 0.003 0.7 ± 0.1 

Zn (ppm) 
 

0.15 1.6 
    

0.35 ± 0.03 3.0 ± 0.4 
  

bdl 
 

0.22 ± 0.02 2.8 ± 0.2 

S (ppm) 
 

0.61 1.9 
    

3.45 ± 2.64 5.4 ± 1.6 
  

bdl 
 

1.06 ± 0.32 5.9 ± 2.2 

Producer M 
 

N 
          

Sample type P S C 
 

P S C 
          

n 3 3 3 
 

2 2 2 
          

˚Brix 0.1 ± 0.0 2.1 ± 0.1 17.5 ± 0.3 
 

0.1 ± 0.0 1.5 ± 0.4 19.8 ± 0.7 
          

pH 5.93 ± 0.09 6.49 ± 0.17 6.81 ± 0.15 
 

6.10 ± 0.10 7.09 ± 0.17 7.10 ± 0.04 
          

Cond. 
(μS/cm) 

13.4 ± 2.5 539.4 ± 83.4 2275.7 ± 190.9 
 

23.3 ± 10.7 388.8 ± 93.1 2470.0 ± 21.0 
          

Sucrose (%) 
   

1.81 ± 0.08 15.8 ± 1.4 
    

1.26 ± 0.29 18.8 ± 1.4 
          

Glucose (%) 
   

0.050 ± 0.035 0.38 ± 0.24 
    

0.018 ± 0.012 0.21 ± 0.01 
          

Fructose (%) 
   

0.043 ± 0.028 0.30 ± 0.18 
    

0.019 ± 0.011 0.20 ± 0.01 
          

Ca (ppm) 
   

58.23 ± 17.29 518.3 ± 131.8 
    

24.4 ± 10.85 347.0 ± 118.0 
          

P (ppm) 
   

1.43 ± 0.93 14.5 ± 8.4 
    

1.9 ± 0.30 38.0 ± 14.2 
          

K (ppm) 
   

67.90 ± 6.01 567.0 ± 29.5 
    

54.6 ± 12.80 735.1 ± 13.5 
          

Mg (ppm) 
   

5.90 ± 1.71 49.8 ± 13.0 
    

3.12 ± 1.29 36.8 ± 9.5 
          

Na (ppm) 
   

0.39 ± 0.06 
 
bd
l      

0.24 ± 0.11 
 
bdl 

           

Fe (ppm) 
   

0.02 ± 0.01 0.6 ± 0.1 
    

0.01 ± 0.00 0.4 ± 0.0 
          

Mn (ppm) 
   

5.08 ± 1.96 45.1 ± 15.0 
    

2.31 ± 1.26 33.8 ± 11.0 
          

B (ppm) 
    

bdl 
 

0.6 ± 0.1 
     

bdl 
 

0.3 ± 0.0 
          

Cu (ppm) 
   

0.04 ± 0.01 0.3 ± 0.03 
    

0.02 ± 0.00 1.2 ± 0.2 
          

Zn (ppm) 
   

0.23 ± 0.07 2.3 ± 0.5 
    

0.15 ± 0.03 3.4 ± 1.1 
          

S (ppm) 
   

0.97 ± 0.37 8.5 ± 3.6 
    

0.38 ± 0.12 2.9 ± 2.1 
          

 
values for sap samples exhibit some patterns across the season, and the data are 
also presented graphically to illustrate these (Figure 1). Sap sugar content as 
measured by a refractometer remained relatively stable across the production 
season (1.9, 2.2, and 1.9 ˚Brix, respectively). However, the carbohydrate data il-
lustrate more nuanced changes, with sucrose concentrations rising slightly at 
mid-season before decreasing in late-season samples, and glucose and fructose 
concentrations increasing in late-season samples (Table 3, Figure 1). Conduc-
tivity generally increased from early to late season, and, likewise, the concentra-
tion of most minerals (Ca, K, Mg, Mn, and S) also generally increased. In con-
trast, concentrations of both P and Na decreased over the season, and those of  
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Table 3. Mean (±standard error of the mean), minimum, and maximum physicochemical properties and compositions of per-
meate, sap, and concentrate samples at Early, Middle, and Late timepoints of the 2009 maple production season from producers 
that concentrated to varying levels with RO. bdl = below the detection limit.   

 
Early 

 
Permeate 

 
Sap† 

 
Concentrate 

 
Mean Min. Max. 

 
Mean Min. Max. 

 
Mean Min. Max. 

n 11 
 

10 
 

11 

˚Brix 0.1 ± 0.0 0.0 0.1 
 

1.9 ± 0.1 1.1 2.4 
 

13.9 ± 1.1 8.8 19.1 

pH 5.78 ± 0.16 5.06 6.55 
 

7.17 ± 0.07 6.88 7.57 
 

6.95 ± 0.16 6.22 7.62 

Conductivity (μS/cm) 16.1 ± 3.1 4.1 34.0 
 

394.8 ± 27.0 277.4 510.9 
 

1658.1 ± 133.5 990.3 2449.0 

Sucrose (%) 
      

1.80 ± 0.13 0.97 2.18 
 

12.6 ± 1.1 8.6 17.4 

Glucose (%) 
      

0.008 ± 0.001 0.004 0.020 
 

0.28 ± 0.20 0.04 2.26 

Fructose (%) 
      

0.008 ± 0.001 0.004 0.020 
 

0.24 ± 0.17 0.04 1.91 

Ca (ppm) 
      

31.4 ± 3.9 13.5 52.4 
 

239.1 ± 30.8 107.0 380.7 

P (ppm) 
      

1.6 ± 0.2 1.0 3.3 
 

15.4 ± 4.3 4.3 52.2 

K (ppm) 
      

53.8 ± 4.1 39.7 77.9 
 

385.1 ± 49.9 195.0 721.6 

Mg (ppm) 
      

3.52 ± 0.40 1.83 5.36 
 

25.6 ± 3.1 11.5 43.0 

Na (ppm) 
      

0.44 ± 0.06 0.07 0.75 
 

bdl 

Fe (ppm) 
      

0.02 ± 0.004 0.01 0.040 
 

2.9 ± 2.5 0.1 28.2 

Mn (ppm) 
      

2.50 ± 0.52 0.36 5.21 
 

20.0 ± 3.5 3.6 40.7 

B (ppm) 
      

bdl 
 

0.3 ± 0.1 0.0 0.7 

Cu (ppm) 
      

0.06 ± 0.02 0.02 0.24 
 

0.5 ± 0.1 0.2 1.4 

Zn (ppm) 
      

0.21 ± 0.01 0.15 0.28 
 

2.1 ± 0.3 1.0 4.4 

S (ppm) 
      

0.51 ± 0.05 0.26 0.78 
 

3.7 ± 1.3 0.7 15.6 

                  

 
Middle 

 
Permeate 

 
Sap 

 
Concentrate 

 
Mean Min. Max. 

 
Mean Min. Max. 

 
Mean Min. Max. 

n 12 
 

10 
 

12 

˚Brix 0.1 ± 0.0 0.0 0.1 
 

2.2 ± 0.1 1.6 2.5 
 

14.6 ± 1.1 8.5 20.5 

pH 5.93 ± 0.06 5.68 6.47 
 

6.75 ± 0.07 6.45 7.28 
 

7.08 ± 0.06 6.82 7.63 

Conductivity (μS/cm) 13.2 ± 2.3 5.0 32.4 
 

523.1 ± 17.1 435.6 594.7 
 

2007.4 ± 120.3 1184.0 2493.0 

Sucrose (%) 
      

1.88 ± 0.09 1.48 2.29 
 

13.6 ± 1.1 8.0 20.1 

Glucose (%) 
      

0.016 ± 0.004 0.004 0.04 
 

0.12 ± 0.02 0.05 0.23 

Fructose (%) 
      

0.015 ± 0.004 0.004 0.04 
 

0.11 ± 0.02 0.04 0.20 

Ca (ppm) 
      

54.8 ± 4.0 35.2 74.4 
 

400.4 ± 37.0 138.8 631.7 

P (ppm) 
      

1.0 ± 0.2 0.4 2.2 
 

6.7 ± 1.7 1.8 23.8 

K (ppm) 
      

69.8 ± 2.9 57.4 86.2 
 

464.0 ± 47.3 176.7 748.6 

Mg (ppm) 
      

5.75 ± 0.37 4.18 8.21 
 

38.7 ± 3.5 18.8 61.1 
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Na (ppm) 
      

0.33 ± 0.04 0.13 0.57 
 

bdl 

Fe (ppm) 
      

0.02 ± 0.003 0.004 0.03 
 

1.3 ± 0.9 0.2 11.2 

Mn (ppm) 
      

4.01 ± 0.70 1.21 7.66 
 

30.7 ± 4.6 8.0 61.0 

B (ppm) 
      

bdl 
 

0.3 ± 0.07 0.0 0.8 

Cu (ppm) 
      

0.04 ± 0.01 0.02 0.07 
 

0.5 ± 0.07 0.2 1.0 

Zn (ppm) 
      

0.20 ± 0.02 0.12 0.28 
 

1.8 ± 0.2 0.9 2.9 

S (ppm) 
      

0.84 ± 0.07 0.50 1.14 
 

4.5 ± 1.0 0.7 12.5 

                  

 
Late 

 
Permeate 

 
Sap 

 
Concentrate 

 
Mean Min. Max. 

 
Mean Min. Max. 

 
Mean Min. Max. 

n 9 
 

8 
 

9 

˚Brix 0.1 ± 0.01 0.0 0.1 
 

1.9 ± 0.1 1.3 2.4 
 

14.3 ± 1.0 9.1 18.3 

pH 5.85 ± 0.05 5.69 6.14 
 

6.33 ± 0.10 6.03 7.44 
 

6.77 ± 0.08 6.45 7.38 

Conductivity (μS/cm) 14.2 ± 2.3 4.7 24.7 
 

591.9 ± 22.2 502.9 704.5 
 

2375.9 ± 161.5 1666.0 2909.0 

Sucrose (%) 
      

1.53 ± 0.11 1.08 2.08 
 

12.4 ± 0.9 8.1 15.9 

Glucose (%) 
      

0.055 ± 0.023 0.010 0.190 
 

0.31 ± 0.08 0.09 0.87 

Fructose (%) 
      

0.050 ± 0.021 0.010 0.180 
 

0.23 ± 0.07 0.03 0.65 

Ca (ppm) 
      

69.0 ± 4.5 52.0 92.7 
 

576.4 ± 61.0 264.9 778.7 

P (ppm) 
      

0.5 ± 0.2 0.1 1.6 
 

4.1 ± 1.1 0.6 11.8 

K (ppm) 
      

69.2 ± 2.7 60.3 80.0 
 

534.0 ± 56.6 276.9 763.8 

Mg (ppm) 
      

7.09 ± 0.46 5.12 9.32 
 

55.3 ± 5.9 28.3 75.6 

Na (ppm) 
      

0.24 ± 0.04 0.07 0.38 
 

bdl 

Fe (ppm) 
      

0.04 ± 0.01 0.02 0.08 
 

1.4 ± 0.9 0.2 8.5 

Mn (ppm) 
      

6.02 ± 1.00 2.14 10.90 
 

50.4 ± 6.9 9.6 77.4 

B (ppm) 
      

bdl 
 

0.5 ± 0.1 0.1 0.9 

Cu (ppm) 
      

0.06 ± 0.02 0.02 0.18 
 

0.4 ± 0.1 0.2 0.8 

Zn (ppm) 
      

0.26 ± 0.03 0.19 0.37 
 

2.4 ± 0.3 1.0 3.2 

S (ppm) 
      

1.27 ± 0.11 0.90 1.70 
 

8.8 ± 2.0 0.7 19.6 

†Four sap samples with outlier values for trace metals (Fe, Cu, Zn) were removed from mean calculations to prevent obscuring seasonal patterns. 

 
trace minerals Fe, Cu, and Zn showed no discernible seasonal pattern (Table 3, 
Figure 1). The increase in Mn over the course of the season is interesting to 
note, as Mn has been putatively associated with early-season membrane fouling 
observed by some producers, particularly at higher concentration levels (Carl 
Lapierre, personal communication). However, that Mn concentrations in sap 
were actually lowest at the beginning of the season suggests that the relationship 
between Mn and this early-season membrane fouling may be indirect or non-
causal. The properties of permeate samples were similar across all timepoints  
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Table 4. Mean (±standard error of the mean), minimum, and maximum differences be-
tween actual concentration of constituents in concentrate samples and the predicted con-
centration of each based on the concentration factor of sap to concentrate of each sample 
(predicted minus actual, n = 13). Fixed effect parameter estimates and p-values are for 
repeated measures analysis of variance for each parameter of concentration factor and the 
difference between predicted and actual concentrations (with producer as the repeated 
measure, n = 32). 

 
Differences-Predicted minus actual 

 
Mean Min Max Estimate p 

Glucose (%) 0.03 ± 0.02 −0.03 0.2 0.003 0.8339 

Fructose (%) 0.04 ± 0.03 −0.04 0.3 0.009 0.5979 

Ca (ppm) −31.6 ± 7.9 −72.6 24.5 −4.2 0.3434 

P (ppm) −0.4 ± 1.5 −12.2 13.8 -0.1 0.8826 

K (ppm) 15.4 ± 16.2 −51.2 183.2 −2.8 0.7269 

Mg (ppm) −0.5 ± 0.8 −5.0 4.8 0.3 0.4939 

Fe (ppm) −0.02 ± 0.2 −0.5 2.6 −0.01 0.8582 

Mn (ppm) −2.7 ± 0.8 −5.9 5.2 −0.7 0.0242 

Cu (ppm) 0.7 ± 0.5 −0.9 5.6 −0.04 0.8951 

Zn (ppm) −0.2 ± 0.2 −1.2 2.1 −0.1 0.3463 

S (ppm) 2.7 ± 2.1 −2.9 26.2 1.0 0.3753 

Sucrose was not included in this analysis, as it is confounded with concentration factor; B and Na were also 
excluded, as the elements were below the detection limit in sap and concentrate samples, respectively. 

 

 
Figure 1. Mean physicochemical properties and compositions of maple sap samples at Early, Middle, and Late timepoints of the 
2009 maple production season. n = 10 (Early), 10 (Middle), and 8 (Late). Error bars represent standard error of the mean. 
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(Table 3). Seasonal patterns cannot be examined for concentrate samples be-
cause the values are comprised of samples from such a wide range of concentra-
tions. 

3.4. Differences in Predicted and Actual Concentration of  
Constituents in Concentrate 

Concern is sometimes expressed that RO could potentially allow the loss or dis-
proportionate concentration of sap constituents, altering the fundamental com-
position of maple sap, and thereby resulting in unacceptable effects on the com-
position of syrup. However, if RO units and membranes are operating optimally, 
they should essentially simply concentrate sap, removing water without signifi-
cant loss or addition of constituents present in the sap. If this is the case, the 
composition of constituents in concentrate should be very similar to what is 
predicted by the concentration factor between the initial sap material and the 
concentrate. The data in this study can be used to assess this, by comparing the 
actual concentration of constituents in the concentrate to that predicted by the 
concentration factor. Table 4 shows the average differences between the actual 
composition values of constituents in concentrate samples and the predicted 
concentration of each constituent based on the sap to concentrate concentration 
factor. These data illustrate that the differences between actual and predicted 
values are typically quite small, even for constituents known to pass through 
membranes in small amounts, such as K and Ca (Table 4). They also illustrate a 
substantial amount of variation, with all constituents being present in both 
higher and lower concentrations than predicted by the concentration factor in 
some samples, as illustrated by the minimum and maximum difference values 
(Table 4). Of particular interest are the results with respect to “invert sugar”, 
glucose and fructose. It is often presumed that concentrate will have a propor-
tionally higher invert concentration than the raw sap from which it was gener-
ated due to increased microbial activity with greater sugar concentrations. 
However, the concentrate samples in this study contained similar quantities of 
glucose and fructose to those that were predicted by the concentration factor, 
with average differences reflecting lower concentrations in concentrate than 
predicted by the concentration factor (Table 4). This is consistent with results 
observed in a previous analysis of sap and concentrate composition from a single 
RO [8], and suggests invert levels are not typically disproportionately elevated in 
concentrate. This analysis does not preclude the existence of effects on other 
constituents not analyzed, such as phenolics or amino acids; however the size 
and properties of most other sap constituents would make significant loss or 
disproportionate concentration unlikely. And although variability was observed, 
in general this analysis suggests that reverse osmosis in maple production func-
tions generally as simple concentration, not altering the fundamental propor-
tional composition of maple sap. 

An additional analysis was used to determine if the level of concentration used 
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was related to reverse osmosis performance. Statistical analyses were conducted 
to determine if any significant relationships existed between the concentration 
factor and the difference between the predicted and actual concentration of any 
constituents in the concentrate. For most constituents, there was no significant 
relationship between the concentration factor and the differences between the 
predicted and actual concentration of the concentrate (Table 4). However, the 
differences between the predicted and actual concentrations of Mn were signifi-
cantly related to the concentration factor, with more negative values at higher 
concentration levels (Table 4). This indicates that at higher concentration levels, 
there tended to be more Mn in concentrate than predicted by the concentration 
factor. This could suggest that the interaction of Mn (or a Mn-containing sap 
constituent) and RO membranes might be altered in some way at higher sap 
concentration levels, leading to larger quantities than predicted by the concen-
tration factor to be retained in the concentrate. If true, this could have important 
implications for RO operation at higher sap concentration levels, and the me-
chanism through which this occurs would be critical to elucidate. However, al-
though this analysis is suggestive, it is possible that the relationship is con-
founded by some factor not accounted for, or by inherent errors or biases in the 
analyses. The behavior of Mn and interaction with RO membranes at higher 
concentration levels should be further investigated. 

4. Conclusion 

In summary, the mean overall, producer-level, and seasonal timepoint composi-
tions and physiochemical properties provide a snapshot of sap, concentrate, and 
permeate samples from a variety of concentration levels. The data illustrate that 
RO is fundamentally a concentration process, and as such is unlikely to signifi-
cantly alter properties of resulting syrup, consistent with results observed in per-
vious experiments [2]-[8]. 
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